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Time- and angle-resolved photoelectron spectroscopy with 13 fs temporal resolution is used to fol-
low the different stages in the formation of a Fermi-Dirac distributed electron gas in graphite after
absorption of an intense 7 fs laser pulse. Within the first 50 fs after excitation a sequence of time
frames is resolved which are characterized by different energy and momentum exchange processes
among the involved photonic, electronic, and phononic degrees of freedom. The results reveal exper-
imentally the complexity of the transition from a nascent non-thermal towards a thermal electron
distribution due to the different timescales associated with the involved interaction processes.
PACS numbers: 78.47.J-, 79.60.-i, 63.20.kd, 81.05.ue, 81.05.uf
The extraordinary nonlinearities and optical response
times of graphitic materials suggest useful applications in
photonics and electronics including light harvesting [1, 2],
ultrafast photodetection [3, 4], THz lasing [5, 6], and sat-
urable absorption [7, 8]. Both characteristics are closely
linked to the ultrafast dynamics of photoexcited carri-
ers which for this material class is governed by weakly
screened carrier-carrier scattering and carrier-phonon in-
teraction. Fundamental aspects related to these pro-
cesses were addressed in different time-domain studies
in the past [9–13]. Because of limitations in the time res-
olution, most of these studies were restricted, however,
to the characteristic timescales of electron-lattice equili-
bration, i.e., timescales ranging from ≈100 fs to ≈10 ps.
The primary processes directly after photoexcitation are,
in contrast, still largely unexplored and were investigated
experimentally only in a few studies so far [14–16]. The
dynamics in this strongly non-thermal regime is deter-
mined by phenomena such as transient population in-
version, carrier multiplication, Auger recombination, but
also phonon-mediated carrier redistribution [17–20]. The
challenge is to decode the relative importance and tem-
poral sequence of these processes that drive the electronic
system from a nascent non-thermal distribution as gener-
ated by photoexcitation towards a Fermi-Dirac (FD) dis-
tribution within only ≈ 50 fs [14, 15]. It is obvious that
such investigations rely on experiments capable of sam-
pling this time window at an adequate time resolution of
the order of 10 fs, as well as high energy and momentum
resolution.
This letter reports on the non-thermal carrier dynamics
in highly-oriented pyrolytic graphite (HOPG) as probed
in a time- and angle-resolved photoemission spectroscopy
(trARPES) experiment that is operated near the trans-
form limit at a resolution of 13 fs (FWHM of the pump-
probe cross correlation) [21]. Over the first 100 fs, we
monitor the different stages in the temporal evolution
of an initially non-thermal carrier distribution generated
by the absorption of a 7 fs near-infrared pulse. We are
able to dissect the non-thermal to thermal transition into
FIG. 1. (a) WL-pump/XUV-probe cross correlation signal
of the experiment. For details see Refs. [21] and [24]. (b)
Schematic of time-resolved pump-probe ARPES of HOPG.
Pump pulses are polarized along the x direction. The en-
trance slit of the electron analyzer is aligned along the y di-
rection. (c) Top: illustration of the Brillouin zone of HOPG.
Bottom: close-up of the Brillouin zone around the H point
(gray) with the momentum cut probed in the experiment indi-
cated (black). The red dashed line marks the constant-energy
contour of the pi∗ band near E − EF = 0.8 eV. Areas of pri-
mary excitation are highlighted in yellow.
sub-stages that are characterized by different energy and
momentum exchange and redistribution processes among
the involved photonic, electronic, and phononic degrees
of freedom. Specifically, the experimental data reveal
that the initiating photo-absorption process is first fol-
lowed by momentum redistribution of the excited car-
riers before effective cooling of the non-thermal carrier
distribution due to emission of phonons sets in. An in-
ternally thermalized hot electron gas is finally formed af-
ter ≈ 50 fs which on much longer timescales equilibrates
with the lattice [22, 23]. The results show experimentally
that on the extremely short non-thermal time frame of a
few 10 fs carrier thermalization can be a complex multi-
step process owing to different timescales and efficiencies
associated with momentum and energy relaxation.
Bulk samples of HOPG (Goodfellow Ltd.) were me-
chanically cleaved under high vacuum (1× 10−7 mbar)
right before the experiments. TrARPES was performed
under ultra-high vacuum conditions (3× 10−10 mbar) in
a pump-probe configuration [Fig. 1(b)] using 7 fs white
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2light (WL) pump pulses (800 nm center wavelength,
232 nm RMS spectral width) and 11 fs extreme ultravi-
olet (XUV) probe pulses (22.1 eV), both generated by
the output of a 8 kHz Ti:sapphire multipass amplifier.
Photoelectron spectra were recorded with a hemispheri-
cal electron analyzer at an energy resolution of 240 meV.
The relative orientation of the HOPG sample and ana-
lyzer entrance slit chosen for the experiments resulted in
a momentum cut centered at the H point as indicated
by the black line in Fig. 1(c). Experiments were per-
formed at near-normal incidence at two different incident
pump fluences of F = 0.9 mJ/cm2 and F = 1.7 mJ/cm2.
The pump pulse polarization was oriented perpendicular
to the momentum cut probed in photoemission as illus-
trated in Fig. 1(c). The FWHM of the cross correlation
signal measured at the sample position yields a value of
13 fs [see Fig. 1(a)] corresponding to a time resolution of
8 fs (5.5 fs) based on a definition introduced in Ref. [16]
(Ref. [25]). All data were recorded at an equilibrium
sample temperature of 300 K. Further details of the ex-
perimental setup are described in Ref. [21].
Figure 2(a) shows trARPES data of HOPG in the vicin-
ity of the H point and around the Fermi energy EF with
the pump-probe time delay set to ∆t = −80 fs, i.e., prior
to the excitation by the 7 fs white light pump pulse. The
occupied and downward-dispersing pi band of HOPG,
which atH exhibits an almost linear dispersion [26, 27], is
well resolved. No indications of the upward-dispersing pi∗
band are visible, as expected for an undoped sample at
thermal equilibrium. Figures 2(b)-2(d) show trARPES
data recorded at a pump fluence of 1.7 mJ/cm2 for se-
lected time delays 0 fs ≤ ∆t ≤ 50 fs. Distinct changes
in the excited state electron distribution taking place
on a sub-10 fs timescale are clearly resolved in the ex-
perimental data. They become even more evident in a
semi-logarithmic energy distribution curve (EDC) repre-
sentation obtained by momentum integration of the raw
data following a data analysis scheme described in Ref.
[13]. Figures 2(f)-2(h) display the EDC intensities I as
a function of energy E for the different time delays after
excitation in comparison to the equilibrium state distri-
bution at T = 300 K (∆t = −80 fs). The initial equi-
librium state EDC as well as the EDC for ∆t = 50 fs
are well described by a FD distribution (see gray dashed
lines). In contrast, the data recorded at time zero and at
∆t = 13 fs show clear deviations from a FD distributed
population indicating the strong non-thermal character
of the electronic system on sub-50 fs timescales [28].
To evaluate the thermal character of the electron gas at
a given time delay two different quantities are separately
extracted from each measured EDC: Firstly, we deter-
mine the best-fit Fermi-Dirac temperature TFD [29] from
a fit of a FD distribution to the data. Secondly, we nu-
FIG. 2. Time-resolved ARPES data of HOPG taken near
H for excitation with 7 fs pump pulses (F = 1.7 mJ/cm2).
(a)-(d) ARPES snapshots recorded at different time delays
∆t. (e) Illustration of the photoexcitation process. (f)-(h)
EDCs around EF for different ∆t derived from the trARPES
data. Photoemission intensity was integrated over a momen-
tum window of 0.8 A˚
−1
. Dashed lines are fits of a FD distri-
bution to the EDCs. The inset underneath (f) indicates the
pump pulse spectrum (logarithmic scale) convolved with the
energy resolution of the trARPES experiment and mapped
onto the energy axis according to the excitation process il-
lustrated in (e). Momentum-resolved photoemission intensity
transients are for reference added to the Supplemental Mate-
rial [24].
merically compute the integral
Epi∗ =
∫
E>EF
I(E) · E dE (1)
being a measure for the total energy stored in the pi∗
band along the probed momentum cut. Figure 3(a) de-
picts the relation between Epi∗ and TFD as it evolves in
time in comparison to what is expected for a FD dis-
tributed electron gas (solid line). The color coding of
the experimental data indicates the time delay ∆t of the
measurement with red corresponding to small delays and
blue corresponding to long delays. We consider the mea-
3sured electron distribution being internally thermalized
if the data points lie on top of the result for a FD distri-
bution. The representation of the experimental data in
Fig. 3(a) matches the expectation for the build-up and
decay of a non-thermal electron distribution following an
intense photoexcitation: In response to the absorption of
the pump pulse, Epi∗ starts to increase around time zero
and at the same time the data points leave the thermal-
ized regime. Eventually the gain in Epi∗ stops and finally,
at an equilibrium temperature of ≈ 5500 K, the experi-
mental data points merge into the thermalized regime
again. For longer timescales, the electronic system stays
internally thermalized and cools down due to coupling to
the lattice. The different stages of the non-thermal to
thermal transition become more evident in the represen-
tation of the data shown in Fig. 3(b). The graph dis-
plays the difference ∆Epi∗ between experimental results
and FD distribution as a function of TFD. ∆Epi∗ may be
considered as a measure of the non-thermal component
of Epi∗ . The distinct changes observable in the slope of
∆Epi∗ vs. TFD suggest the discrimination of four differ-
ent stages of the thermalization process [labeled I-IV in
Fig. 3(b)]. Time markers separating these stages (blue
diamonds) are for comparison also added to the data in
Fig. 3(a).
The first stage of the probed thermalization process (I)
reflects the primary energy input into the electronic sys-
tem directly resulting from the absorption of the pump
pulse. Up to a time delay of ∆t ≈ 8 fs we observe a
continuous increase of ∆Epi∗ , i.e., a continuous build-up
of the non-thermal character of the electron gas. This
timescale agrees well with the result of an evaluation
for the temporal evolution of the absorbed pump energy
under consideration of the experimental parameters: At
∆t = 8 fs the experiment probes a state of the electronic
system where already 93 % of the total pump excitation
energy has been absorbed.
The second stage of the thermalization process (II)
lasts until ∆t ≈ 22 fs and is characterized by a con-
tinuous decrease of ∆Epi∗ [see Fig. 3(b)] while TFD as
well as Epi∗ still increase [see Fig. 3(a)]. In the fol-
lowing, we will argue how these observations are related
to electron-electron and electron-phonon scattering pro-
cesses, respectively. The overall detected energy input
within stage II corresponds to ≈ 75 % of the energy that
has been accumulated during the direct absorption pro-
cess within the first stage [cf. arrows in Fig. 3(a)]. On
these intermediate timescales, the photoexcited electron
system itself is the only reservoir which can account for
a substantial energy gain in the probed region of energy-
momentum space. It is result of a carrier redistribu-
tion process that is driven by the primary momentum
anisotropy generated in graphite upon photoexcitation
with linearly polarized light [30, 31]. For the pump pulse
polarization used in the present study the situation is
schematically illustrated in Fig. 1(c). Primary popula-
FIG. 3. Analysis of trARPES data for F = 1.7 mJ/cm2. (a)
Epi∗ as a function of TFD. Time markers (blue diamonds)
separate the different stages of thermalization identified in
(b). Data are normalized to Epi∗ for ∆t = 8 fs. Error bars
indicate exemplary uncertainties in TFD. The solid line is a
result of a calculation for a FD distributed electron gas. (b)
∆Epi∗ as a function of TFD. Arrows indicate the direction
of time evolution and different stages in the thermalization
process. Similar results for F = 0.9 mJ/cm2 are compiled
in the Supplemental Material [24]. (c) Spectrally resolved
evolution of the pi∗ band occupations before, during, and after
stage III: difference between experimental EDCs and a FD
distributed electron gas for T = 5500 K. Data sets and zero
lines are partly offset for clarity. Data for ∆t = 8 fs are scaled
by a factor of 0.5. Experimental EDCs including fits are for
reference added to the Supplemental Material [24].
tion maxima are generated at the intersection of the pi∗-
cone and Brillouin zone boundary (yellow marked areas)
and outside of the momentum cut probed in the exper-
iment [30]. The observed secondary gain in Epi∗ results
from a net population transfer out of these primary areas
by scattering processes involving a finite azimuthal mo-
mentum transfer component, i.e., noncollinear scattering
processes [32]. On the relevant timescales and for the
pump fluences used in the experiment, noncollinear scat-
tering processes are predominantly due to the interaction
of the electrons with strongly coupled optical phonons
(SCOPs) [33–35]. The time frame for the decay of the
pump-induced momentum anisotropy as implied by our
data matches well findings for graphene: Results of cal-
culations show that for pump fluences in the 1 mJ/cm2
range an isotropic momentum distribution is formed well
within the first 50 fs after excitation [35]. Polarization-
dependent photoluminescence measurements performed
at excitation fluences of ≈ 100 µJ/cm2 hint to a charac-
4FIG. 4. Stages of thermalization and characteristic timescales
of energy and momentum exchange processes. Relevant inter-
action processes are indicated. Time markers separating the
stages result from the evaluation of the experimental data for
F = 0.9 mJ/cm2 and F = 1.7 mJ/cm2. Widths of the markers
account for the experimental uncertainty.
teristic timescale for this process of ≈ 12 fs [36].
The continuous decrease of the non-thermal character
of the electron gas during the second stage as implied by
the decrease of ∆Epi∗ indicates that simultaneously with
the phonon-driven decay of the momentum anisotropy
the energy distribution of the electrons starts to converge
towards a FD distribution. In the pump fluence regime
of our experiment, this process is dominated by collinear
scattering processes due to Coulomb interaction among
the carriers [37]. This will further persist during the third
stage of the thermalization process and finally results in
the formation of a hot FD distribution at ∆t ≈ 50 fs.
The signature discriminating the third stage (III) from
the other stages is the onset of a net energy drain out
of the electron system [decrease of Epi∗, see Fig. 3(a)],
while the electron distribution is still non-thermal (“non-
thermal cooling”). It lasts for ≈ 28 fs until at ∆t = 50 fs
the comparison of the experimental data with the cal-
culated results for a FD distribution indicate that fi-
nally the electronic system is internally fully thermalized.
The energy drain is caused by electron-lattice interaction
which for timescales / 500 fs is dominated by the inter-
action with SCOPs [22, 23]. Notably, during this initial
energy relaxation stage the energy drain seems to affect
only ∆Epi∗ , which we associated with the non-thermal
component of the electronic excitation, while TFD stays
virtually constant at its maximum value of ≈ 5500 K.
Figure 3(c) illustrates how this cooling process acts on
the electron distribution. The graph displays difference
intensities of experimental EDCs and a FD distribution
at T = 5500 K for different time delays before (∆t = 8 fs),
during (∆t = 22 fs, 36 fs, 50 fs), and after (∆t = 78 fs)
the non-thermal cooling stage. Whereas the experimen-
tal EDCs at ∆t = 8 fs (TFD = 3400 K) and ∆t = 78 fs
(TFD = 5200 K) show significant deviations from the
FD distribution at T = 5500 K over the entire excita-
tion energy regime, the deviations for ∆t = 22 fs and
∆t = 36 fs (TFD ≈ 5500 K) are limited to an intermediate
energy regime between EF and E − EF ≈ 1.3 eV. The
high energy tails of these two EDCs match in contrast
the thermalized behavior extremely well. In this part
of the electron spectrum thermal equilibrium conditions
corresponding to the maximum electron temperature of
5500 K are anticipated already 28 fs before the complete
internal thermalization is achieved.
The energy drain by the interaction of the electrons
with SCOPs during stage III should affect both, the ‘non-
thermal’ as well as the ‘thermal’ part of the electron dis-
tribution. The internal thermalization of the electron
gas promoted by carrier-carrier interaction results, on
the other hand, in a net energy transfer from the ‘non-
thermal’ to the ‘thermal’ part of the electron distribution.
The observation of a rigid and thermalized high energy
tail during the entire non-thermal cooling stage indicates
that the latter process effectively compensates for the en-
ergy drain out of the thermal part due to interaction with
the lattice.
The final stage of the thermalization process that can
be discerned in Fig. 3 (IV, ∆t ≥ 50 fs) is character-
ized by the continuous and simoultaneous decrease of
Epi∗ and TFD with the experimental data following the
expectations for a FD-distributed electron gas strikingly
well. This is indicative for the cool-down of the inter-
nally thermalized electron distribution (thermal cooling)
due to the interaction with the lattice. This temporal
regime was previously studied in detail by various time-
domain techniques [9–13, 22].
The transition of a photoexcited electron gas in HOPG
from a nascent non-thermal towards a thermal distribu-
tion is completed within a time period as short as 50 fs.
The scenario involves electron-photon, electron-electron,
and electron-phonon interaction affecting the response of
the system on different timescales. In analyzing the tem-
poral evolution of the excess energy deposited into the
electronic system within 7 fs, we were able to experimen-
tally identify characteristic signatures of these interac-
tion processes. Owing to the exceptional time resolution
of the trARPES experiment used in the study we even
succeeded in dissecting the complex thermalization pro-
cess into different stages. The sequence of these stages
and the characteristic timescales of energy and momen-
tum exchange among the involved systems are summa-
rized in Fig. 4. For the two fluences investigated in
this work, no significant differences in the characteris-
tic response times could be observed (see Fig. 4 and
Supplemental Material [24]). However, we expect signif-
icant changes at substantially lower fluences particularly
as carrier-carrier scattering is very sensitive to the ex-
cited carrier density [38]. On the other hand, indirect
electronic transitions may become relevant at higher flu-
ences due to saturation effects and Pauli blocking [39].
Moreover, the thermalization of the system can be af-
fected by other experimental parameters such as band-
width and photon energy of the applied pump pulses [40].
Similarly complex multi-step carrier thermalization sce-
5narios are expected also for other materials with reduced
screening. The response of these systems to an optical
excitation is phenomenologically often described within
multi-temperature models [41] which consider the elec-
tronic system being internally thermalized for all times
and therefore neglect for instance phonon emission dur-
ing an internal thermalization stage [42]. The method
presented here can provide valuable information on the
actual state of the electron gas even on the extremely
short ‘non-thermal’ timescales right after excitation.
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TIME RESOLUTION OF THE TRARPES EXPERIMENT
The cross correlation between white light (WL) pump and extreme ultraviolet (XUV)
probe was determined from trARPES measurements of a 1T -TiSe2 reference sample. In
a previous work we showed that the excited state population rise time associated with an
optical interband transition in this material provides a very good approximation for the
time resolution of the experiment [1]. Fig. 1(a) of the main text shows a photoemission
signal transient probing the excited state population generated by this transition upon WL
photoexcitation. In order to determine the time resolution of the experiment from this
data, we fitted an error function to the signal rise [solid line in Fig. 1(a)]. The derivative
of the error function is a Gaussian [dashed line in Fig. 1(a)], which we interpret as an
approximation of the WL-XUV cross correlation trace. The width of the Gaussian is 13 fs.
For more details on the cross correlation measurement we refer to Ref. [1].
To illustrate the exceptional time resolution of the experimental setup we additionally
compare in Fig. 1(b) photoemission intensity transients of HOPG for selected energy-
momentum areas as indicated by the rectangles in the photoemission intensity map in Fig.
1(a). The solid lines in Fig. 1(b) are fits to the experimental data. The fitting function
accounts for the signal rise and decay by two exponential functions, which were convolved
with a Gaussian representing the experimental time resolution. The intensity rise times
resulting from the fits are indicated and show that also small differences in the population
dynamics of a few femtoseconds are well resolved. Independent of momentum we always
observe a delayed signal rise with respect to the measured cross correlation signal resulting
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2FIG. 1. Momentum-resolved population dynamics along the pi∗ band of HOPG for excitation with
7 fs WL pulses (F = 0.9 mJ/cm2). (a) Photoemission snapshot near H recorded at ∆t = 13 fs. (b)
Photoemission intensity transients for selected momentum areas marked in (a). Solid lines are fits
to the experimental data. The exponential rise times resulting from the fits are indicated.
from the momentum redistribution of electrons into the probed momentum cut by e-SCOP
interaction processes, which become dominant in stage II of the thermalization process.
ENERGY DISTRIBUTION CURVES: SUPPLEMENTAL INFORMATION TO
FIG. 3 OF THE MAIN TEXT
FIG. 2. (a) Spectrally resolved evolution of electron occupations around EF obtained from
trARPES data at F = 1.7 mJ/cm2: EDCs (solid lines) for different ∆t in comparison to FD
fits (dashed lines). (b) Corresponding raw data EDCs not processed according to Ref. [2].
Figure 2(a) shows EDCs of trARPES data that were used to calculate the difference
intensity traces shown in Fig. 3(c) of the main text. For comparison we also added the
results of the fits of a FD distribution to the experimental data to the graph. Figure 2(b)
3shows corresponding raw data EDCs that were not processed by the data analysis scheme
described in detail in Ref. [2]. For the quantitative analysis of the data this procedure is
indispensable, particularly as matrix elements for photoemission from the pi band and the
pi∗ band significantly differ [3].
TIME-RESOLVED ARPES DATA FOR F= 0.9mJ/cm2
FIG. 3. Time-resolved ARPES data of HOPG near H for excitation with 7 fs pump pulses (F =
0.9 mJ/cm2). (a)-(c) ARPES snapshots recorded at different time delays ∆t. (d)-(f) EDCs around
EF for different ∆t derived from the trARPES data. Photoemission intensity was integrated over
a momentum window of 0.8 A˚
−1
. Dashed lines are fits of a FD distribution to the EDCs. The
inset underneath (d) indicates the pump pulse spectrum (logarithmic scale) convolved with the
energy resolution of the trARPES experiment and mapped onto the energy axis according to the
excitation process illustrated in Fig. 2(e) of the main text.
Experiments were performed at two different incident pump fluences F . In the main
text data for F = 1.7 mJ/cm2 are shown. In this section data are presented that were
recorded at F = 0.9 mJ/cm2 with the other experimental parameters being kept the same.
Figures 3(a)-3(c) show trARPES data recorded at a pump fluence of F = 0.9 mJ/cm2 for
4three selected time delays 0 fs ≤ ∆t ≤ 50 fs. Figures 3(d)-3(f) display the corresponding
EDCs in comparison to the equilibrium state distribution at T = 300 K that was recorded
at ∆t = −70 fs. Similar to the data shown in Fig. 2 of the main text the equilibrium state
EDC as well as the EDC for ∆t = 50 fs are well described by a FD distribution, whereas
clear non-thermal signatures are observed at time zero and at ∆t = 13 fs.
Fig. 4(a) depicts Epi∗ as computed from the experimental EDCs according to Eq. (1) in
the main text as a function of the best-fit Fermi-Dirac temperature TFD for F = 0.9 mJ/cm
2.
The solid line shows for comparison the expectations for a FD distributed electron gas. Fig.
4(b) displays the non-thermal component of the pi∗ band energy along the probed momentum
cut, ∆Epi∗ , as a function of TFD. Both graphs qualitatively reproduce the experimental
findings for F = 1.7 mJ/cm2 presented in the main text. Minor deviations are observed
for the time markers separating the different stages of the thermalization process. Due to
the scatter of the data particularly in the low fluence data set the significance of these
differences is not ensured. Time markers evaluated from the low fluence data are added for
comparison to Fig. 4 of the main text. The overall detected energy input within stage II at
F = 0.9 mJ/cm2 corresponds to ≈ 45 % of the energy that has been accumulated during the
direct absorption process within stage I [cf. arrows in Fig. 4(a)]. This fraction is significantly
smaller than the value of ≈ 75 % as observed at F = 1.7 mJ/cm2.
The goodness of the fits of the FD distribution to the experimental data can be considered
as an alternative quantity accounting for the thermal character of the electron distribution.
In Fig. 4(c) we plot the sum of the squared deviations of the fit, χ2, as a function of ∆t.
In this representation, the characteristic timescales of the primary photoexcitation process
and the overall thermalization time are well discerned. Figure 4(d) displays χ2 as a function
of TFD. This representation reproduces the overall temporal evolution of the thermalization
process as deduced from an energy analysis [Fig. 4(b)] and likewise allows for a clear dis-
crimination of stages I - IV.
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5FIG. 4. Analysis of trARPES data for F = 0.9 mJ/cm2. (a) Epi∗ as a function of TFD. Time
markers (blue diamonds) separate the different stages of thermalization identified in (b). Data are
normalized to Epi∗ for ∆t = 13 fs. The solid line is result of a calculation for a FD distributed
electron gas. (b) ∆Epi∗ as a function of TFD. Arrows indicate the direction of time evolution and
different stages in the thermalization process. (c) Sum of the squared deviations, χ2, between
experimental EDCs and fits of a FD distribution as a function of ∆t. (d) χ2 as a function of TFD.
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